a risk factor for cardiovascular disease, cancer, and all-cause mortality. 8 In addition, as the average life expectancy has increased, so has the importance of quality of life after middle-age. Thus, the association between vitamin D and gonadal function is of clinical importance. Nevertheless, as of today, few studies have investigated the effect of vitamin D on testosterone in Korean men. Therefore, the aim of the present study was to investigate the relationship between serum 25(OH)D and testosterone levels in Korean men. We hypothesized that a higher serum vitamin D level is associated with a higher level of testosterone. In addition, 25(OH)D levels differ notably according to season, which is a consequence of variations in sunlight-induced vitamin D synthesis in the skin. Thus, we also hypothesized that levels of sex hormones will be highest in sunnier seasons.
INTRODUCTION
Vitamin D has important functions in physiological processes, and vitamin D deficiency may play a role in pathophysiological processes. In addition to its classic effects on bone homeostasis, many studies have supported that vitamin D receptors (VDRs) are present on various nonmusculoskeletal organs and tissues, 1 suggesting that vitamin D levels could be implicated in many clinical conditions. Vitamin D deficiency, the most widespread nutritional disorder in the world, has increasingly been recognized as an important human health problem. 2 Currently, vitamin D deficiency is associated with several pathological states, including cardiovascular diseases, 3 inflammatory disease, 4 and high all-cause mortality in the general population. 5 VDR expression has also been observed in reproductive tissues, such as the testes, prostate, and human sperm. 6 A recent cross-sectional study, the Health Professionals Follow-up Study, included 1362 males and identified weak positive correlations between 25-hydroxyvitamin D [25(OH)D] and testosterone levels. 7 However, the study excluded Asian participants to avoid confounding race/ethnicity bias. In Asia, there is little current data on the association between vitamin D levels and testosterone.
An age-related decrease in total testosterone (TT) has been well documented in middle-aged men, with lower TT levels suggested to be were as follows: receiving testosterone replacement therapy; presence of other health conditions that can affect the vitamin D level, such as cancer, parathyroid gland disease, liver disease, epilepsy, inflammatory bowel disease, malabsorption, celiac disease, gastric bypass, bowel surgery; and regular administration of vitamin D supplements within 3 months. The study protocol was approved by the Institutional Review Board of Pusan National University Hospital (IRB No. E-2014014).
Data collection
Subjects were interviewed by a physician about their medical history, smoking status, alcohol intake, and exercise habits. Smoking status was categorized as either nonsmoker or current smoker. The questions regarding alcohol intake involved descriptions of the types of alcohol consumed, the weekly frequency of intake, and the daily consumption amount. The subjects were divided into alcohol drinker (>20 g day −1 ) and nondrinkers according to the amount of alcohol consumption per day. 9 The frequency of exercise was noted as times per week of moderate intensity or more; regular exercise was defined as more than once a week.
10 Hypertension (HTN) was defined as receiving current antihypertensive treatment or a blood pressure (BP) >140/90 mmHg. Diabetes mellitus (DM) was defined as receiving insulin or other oral hypoglycemic agents or a fasting plasma glucose (FPG) ≥126 mg dl −1 . Dyslipidemia was defined as a fasting total cholesterol (TC) ≥220 mg dl −1 or receiving 3-hydroxy-2-methylglutaryl-CoA reductase inhibitors or fenofibrate. A trained examiner measured the height and body weight of patients wearing a light gown without shoes, to the nearest 0.1 cm and 0.1 kg, respectively. Body mass index (BMI) was calculated by dividing the weight into kilograms by the height in square meters (kg m −2 ). Waist circumference (WC) was measured as the smallest distance between the lower margin of the rib cage and the iliac crest, at the end of the normal expiration and to the nearest 0.1 cm. BP was measured twice while the men were seated after a 5-min rest using an automated BP measurement device (BP-203RV II, Colin Corp., Aichi, Japan), and the two results were averaged. The percentage of body fat, total muscle mass, and skeletal muscle mass were calculated by bioelectric impedance analysis (Inbody 3.0, Biospace Co., Ltd., Seoul, Korea), with the subjects in a standing position without shoes. For FPG and TC testing, venous blood was drawn from the antecubital vein between 8 and 9 a.m. after a 12-h overnight fasting. The blood samples were subsequently tested at a certified laboratory using an automatic blood analyzer (Hitachi 7600-110 chemical analyzer, Hitachi Co., Ltd., Tokyo, Japan). FPG was measured using the glucose oxidase method with a Synchron L × 20 (Beckman Coulter, Fullerton, CA, USA). TC was assessed using an autoanalyzer with the enzymatic colorimetric method Toshiba TBA200FR (Toshiba Co., Ltd., Tokyo, Japan). The seasonality of the blood draw was categorized into four groups: spring (March to May), summer (June to August), fall (September to November), and winter (December to February).
Measurement of serum 25-hydroxyvitamin D
Vitamin D status is indicated by the serum 25(OH)D level, which reflects vitamin D derived from both dermal production and dietary intake. 11 To measure the level of serum 25(OH)D, venous blood samples were collected from the male subjects between 8 and 9 a.m. after a 12-h overnight fasting. The serum 25(OH)D level was evaluated by chemiluminescence immunoassay using the LIAISON®25 OH vitamin D Total Assay (DiaSorin Inc., Stillwater, USA) at the Eone Reference Laboratory (Seoul, Korea), which reported inter-assay and intra-assay coefficients of variation < 10%. According to recent clinical guidelines, vitamin D deficiency was defined as a serum 25(OH)D level < 20 ng ml −1 .
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Hormone measurements
To determine the androgen status, venous blood samples were collected between 8 and 9 a.m. after a 12-h overnight fasting and TT and FT were measured using a radioimmunoassay procedure that assessed the Coat-A-Count TT and FT (Siemens Healthcare Diagnostics, Erlangen, Germany). Testosterone deficiency was defined as a serum TT level < 2.30 ng ml −1 or an FT level < 6.50 pg ml −1 .
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Statistical analysis
Statistical analyses were performed using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Unless acknowledged otherwise, the data are presented as means ± standard deviations. Categorical variables are reported as frequencies and proportions. The male subjects were divided into status based on their serum 25(OH)D levels. ), and the odds ratio (OR) of testosterone deficiency was computed using multiple logistic regression analysis among the serum 25(OH)D level status after adjusting for confounders. P < 0.05 were considered to indicate statistical significance.
RESULTS
Patient characteristics
A total of 652 male subjects aged 40-80 years were included in this study. Their average age was 56.7 ± 7.9 years, and the mean serum 25(OH)D concentration was 21.23 ± 7.9 ng ml ]. The mean values of TT and FT levels were 4.70 ± 1.6 ng ml −1 and 8.12 ± 3.3 pg ml −1 , respectively. Table 1 presents the clinical characteristics of the study subjects according to the level of 25(OH)D. Men in the highest quartile of serum 25(OH)D had a higher TT level, a lower prevalence of dyslipidemia, and more frequent alcohol consumption than men in the lowest quartile. The FT level was also higher in the higher 25(OH)D quartiles; however, this difference was not significant.
Monthly variability in 25-hydroxyvitamin D, total testosterone and free testosterone levels
In the evaluation of seasonal distribution, the 25(OH)D level was lowest in the spring and highest in the fall (17.76 ± 6.3 ng ml −1 vs 23.01 ± 8.3 ng ml −1 , P = 0.016). Similarly, the FT level was lowest in the spring and highest in the summer (7.71 ± 3.2 pg ml −1 vs 8.68 ± 3.9 pg ml −1 , P = 0.037). Although not significant, 25(OH)D and FT levels showed similar monthly variations (Figure 1) : highest from August to October and lowest from March to April. However, we detected no evidence of seasonal or monthly variation in the TT level. Animal and human studies have demonstrated that vitamin D is essential for optimal male reproductive function. The effects of vitamin D are presumably mediated by the existence of VDR and vitamin D metabolizing enzymes in the adult male reproductive tract, male germ cells, and Leydig cells, which are the main sites of testosterone synthesis in males. 14, 15 In addition, evidence suggests that serum calcium is essential for male reproductive function, especially in spermatogenesis, sperm motility, and the acrosome reaction. 16 Because vitamin D is a major regulator of calcium metabolism, vitamin D could influence male sex hormone synthesis. Several studies have supported hypotheses of a positive association between vitamin D and testosterone. 7, 17 However, it should be noted that the relationship between vitamin D and testosterone also reflects nonbiological associations due to their shared common precursors, such as cholesterol, or similar distributions of confounding factors. In our study, the positive associations between vitamin D and testosterone levels remained after adjusting for confounding factors associated with 25(OH)D levels and TT or FT levels, such as age, body composition, and health habits. Furthermore, adjusting for lipid levels did not change the positive associations between 25(OH)D and TT or FT. In contrast to a multicenter cross-sectional study 17 of 3369 European men, the positive association between 25(OH)D and testosterone became nonsignificant following additional adjustments for chronic disease and health-related behaviors. The subjects of each study differed significantly in size, age, median vitamin D level, comorbidities, and relevant confounders such as region of residence, serum calcium level, and time of blood sampling. Thus, a direct comparison between these studies is not suitable.
Associations of total testosterone and free testosterone with 25-hydroxyvitamin D
Recently, Pilz et al. 18 reported that daily supplementation of 83 mg vitamin D in overweight healthy men for 12 months increased both serum 25(OH)D and testosterone levels compared with administration of a placebo. However, because the sample size was small (n = 54) and men were participating in a diet program for weight reduction, the findings of the study cannot be extrapolated to other studies. As there is evidence that the prevalence of male hypogonadism differs between ethnic and racial populations, 19 further experimental studies are needed to clarify the effect of vitamin D supplementation on testosterone levels in Korean men. it shows seasonal or monthly variation. Previous studies examining the seasonal variation in TT levels have yielded inconsistent results. Tancredi et al. 21 reported no seasonal variation in FT levels among 5028 community-dwelling males aged 50-70 years involved in a clinic-based andropause assessment. In contrast, Svartberg et al. 22 observed bimodal seasonal variation in TT with the highest levels in October and November and the lowest in June. They also detected a significant monthly variation in FT, with the highest level in December and the lowest in August. In the present study, monthly variation was observed in 25(OH)D levels, with a similar corresponding pattern in FT levels, although this association was not statistically significant. Unlike 25(OH)D and FT, we did not observe seasonal or monthly variation in TT concentrations. Seasonal variation in TT has been investigated in many cross-sectional and longitudinal studies, which have yielded inconsistent results. 23 The discrepancy in results among studies is due to differing prevalence of hypovitaminosis D, daily sun exposure, and geographical areas. In the agreement with our results, many studies have found no seasonal variation in TT. 23, 24 Because FT tends to decrease with age, it may be clinically important to measure FT in older men from winter to spring.
Regarding the association between age and testosterone, it is well established that testicular testosterone synthesis decreases in men by 1%-2% per year after middle-age (>40 years). 21 However, due to the age-related escalation in serum sex hormone binding globulin (SHBG) levels were positively associated with age, 25 as were serum TT levels. In fact, we found that age was negatively linked to FT, but not TT. The age-related changes may be clinically important and partially responsible for the increased risk of various common diseases and mortality with age. 17 Yet, the age-dependent normal range for testosterone has not been determined, and the cut-off value for male hypogonadism remains somewhat controversial. Experimental studies are needed to determine the cut-off age, which appropriately indicates male hypogonadism.
In agreement with previous studies, [26] [27] [28] our study showed that men with dyslipidemia have insufficient vitamin D levels and hypogonadism more often than men without dyslipidemia. As low serum levels of testosterone and dyslipidemia are both associated with increased mortality and cardiovascular risk factors in men, 29 the inverse correlation between testosterone and dyslipidemia is clinically important.
Our study has several limitations. First, because we selected men who visited a local university hospital, our findings do not represent the general population. Second, as a cross-sectional study, it was difficult to determine causal relationships among variables. In addition, because we could not obtain data regarding hypogonadism-related symptoms, not all subjects may have had true hypogonadism. TT represents the sum of SHBG-bound, free, and albumin-bound testosterone. The serum level of SHBG is easily affected by various conditions, such that TT measurements can be misleading indicators of hypogonadism. In addition, we were unable to investigate the role of serum PTH, which is a major determinant of vitamin D status. 30 suggest that testosterone replacement therapy be recommended for men with TT levels < 2.30 ng ml −1 or FT levels < 6.50 pg ml −1 . However, the indications and contraindications for testosterone replacement therapy for male hypogonadism, including the short-and long-term risks and adverse effects, await evidence-based information. Owing to these concerns, it has been reported that only 5% of hypogonadal men actually accept treatment for their condition. 30 In contrast, vitamin D supplementation is safe and cheap. If vitamin D deficiency is demonstrated to have effects on male hypogonadism in the prospective study in the future, replacement of vitamin D would be beneficial for Korean males with hypogonadism.
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